Understanding the physical and chemical mechanisms occurring during the forming process and operation of an organic resistive memory device is a major issue for better performances. Various mechanisms were suggested in vertically stacked memory structures, but the analysis remains indirect and needs destructive characterization (e.g. cross-section to access the organic layers sandwiched between electrodes). Here, we report a study on a planar, monolayer thick, hybrid nanoparticle/molecule device (10 nm gold nanoparticles embedded in an electrogenerated poly(2-thienyl-3,4-(ethylenedioxy)thiophene) layer), combining, in situ, on the same device, physical (scanning electron microscope, physico-chemical (thermogravimetry and mass spectroscopy, Raman spectroscopy) and electrical (temperature dependent current-voltage) characterizations. We demonstrate that the forming process causes an increase in the gold particle 2 size, almost 4 times larger than the starting nanoparticles, and that the organic layer undergoes a significant chemical rearrangement from a sp 3 to sp 2 amorphous carbon material. Temperature dependent electrical characterizations of this nonvolatile memory confirm that the charge transport mechanism in the device is consistent with a trap-filled space charge limited current in the off state, the sp 2 amorphous carbon material containing many electrically active defects.
INTRODUCTION
Organic resistive random-access memories (ORRAM) are promising as fundamental elements for the development of electronic organic circuitries 1;2 due to their various advantages, such as simple and low cost fabrication process, low weight, mechanical flexibility and tunable material properties.
ORRAM should present two non-volatile resistance states separated by at least 3 orders of magnitude. 1;2 These resistance states can be read by measuring the current at low voltage, and switched by applying a higher voltage sequence.
We have recently demonstrated 3 an hybrid memristive device based on a network of gold nanoparticles (GNP) of 10 nm in diameter connected by chains of a conjugated polymer. This molecules-GNP network was fabricated between two planar platinum electrodes distant of 0.1 to 10 µm. After preparation of GNP functionalized with 10-(2-(3,4-ethylenedioxythiophene)thiophen-3-sulfanyl)decane-1-thiol molecules, the in situ electropolymerization of the thienylethylenedioxythiophene moieties allowed the formation of a polymer-GNP monolayer 4 (see inset in Then, the electrical properties of these formed devices ( Figure 1 ) showed systematically (i) a negative differential resistance (NDR) behavior with a peak/valley ratio up to 17 at a voltage of 6-7 V, (ii) a memory effect behavior with an on/off ratio in the 10 3 -10 4 range. The retention time for both states was stable during at least 24 h, and a stability of 800 switching cycles between the two states was demonstrated 3 . These 800 cycles between ON and OFF states were observed with a current ratio about 10 3 without significant degradation. Then, reading pulses up to 10 5 s were applied to measure the ON and OFF currents. The results showed a good data retention without current drift in this memory. 3 However, no clear physical mechanism was evidenced in this previous work.
Many works on vertically stacked hybrid metal/organic-GNP/metal memories 5;6;7;8;9;10;11;12;13;14;15;16 have propose various mechanisms, such as (i) the formation of metallic filaments 13;14;16;17 ; (ii) the electric field-induced charge transfer between organic materials and metallic nanoparticles 6;7 ; (iii) the inhibition of charge injection by the space-charge field of trapped charges inducing space charge limited current (SCLC) 8; 12;15 and (iv) the charge trapping/detraping in NPs-organic composites 6 or in NPs associated with a tunneling through organic material 10 . However, these study require destructive analysis, e.g. cross-section to access the hybrid organic-NP layer between the metal electrodes for physico-chemical studies.
In the present work, the advantage of a nanoscale monolayer thick planar structure placed between coplanar electrodes, is that it makes possible to characterize the physico-chemical and electrical structure of the active material on the same device and in operation for a better understanding of the mechanisms responsible for the forming process and the resistive switching memory. Another advantage is the ability to prevent the metal diffusion during the top electrode deposition, which can also flaw the results in vertically stacked devices. Furthermore, the in situ electropolymerization process allows a better control of the organization of the conjugated polymer GNP hybrid material and finally the active layer remains accessible and can be studied by several techniques during voltage cycles in order to better understand the physics of the operation mechanisms. Here, we report on the mechanisms involved in the formation (forming process) and operation of devices based on a network of organic/GNP with a monolayer thickness. For this purpose, different 4 characterizations have been carried out namely (i) the analysis by scanning (SEM) and transmission (STEM) electron microscopies of the morphological changes during the forming process and operation; (ii) the effects of thermal annealing on the morphology of the GNPs network; (iii) the analysis of the organic ligands material at high temperature and (iv) the temperature dependence of the charge transport behaviors in the two-resistance states.
MATERIALS AND METHODS
Device fabrication. Electrode fabrication. Devices were processed using a standard electron beam lithography process. We used highly-doped n + -type silicon (resistivity 1-3 mΩ.cm) covered with a thermally grown 200 nm thick silicon dioxide (135 min at 1100 °C in the presence of oxygen 2 L/min followed by a post-oxidation annealing at 900 °C in N 2 2 L/min during 30 min). The planar electrodes were patterned by electronic lithography using 10% MAA 17.5% / PMMA 3% 495K bilayer resists (with thicknesses of 510 nm and 85 nm respectively). Titanium/Platinum, (5/50 nm)
were deposited by vacuum evaporation and lift-off. We fabricated electrodes with channel lengths L = 200 nm to 1 µm and channel width W = 100 nm to 1000 µm.
Functionalized GNPs. The synthesis of the ligand 10-(2-(3,4-ethylenedioxythiophene)thiophen-3-sulfanyl)decane-1-thiol (HS-C10-TEDOT) was described elsewhere 4;18 . The synthesis of 10 nm capped-GNPs (inset in Fig. 1b ) involves a ligand exchange by treating 10 nm oleylamine-GNPs 19 by HS-C10-TEDOT giving TEDOT-C10-S-GNPs. It was previously shown that oleylamine ligands are easily substituted by thiols 20;21;22 (for more details on synthesis see [3] ). Before each experiment, the TGA system was first evacuated and then flushed with ultrahigh purity helium before starting heating. The experiments were carried out under dynamic inert gas atmosphere (helium: 99.999 purity) with a flow rate of 90 cm 3 /min. The samples were heated using a heating rate of 10°C/min.
Deposition of the TEDOT-C10-S-GNPs
Raman Spectroscopy. Raman spectroscopy measurements were performed using a Horiba JobinYvon LabRam®HR micro-Raman system combined with a 473 nm laser diode as excitation source focused by a ×100 objective. The scattered light was collected by the same objective in backscattering configuration, dispersed by a holographic grating of 1800 l/mm and detected using a CCD camera.
Annealing of pTEDOT-C10-S-GNPs monolayers. Freshly prepared pTEDOT-C10-S-GNPs
monolayers were subjected to a thermal annealing under nitrogen atmosphere (instrument JetFirst   7 200 from JIPELEC). The annealing temperature (from 423 to 623 K with 50 K steps) was reached in 40 s from ambient temperature, and maintained during 120 s. After annealing, the samples were cooled down to ambient temperature in 180 s. 
Scanning electron microscopy (SEM)
.
RESULTS AND DISCUSSION
Evolution of the morphology of pTEDOT-C10-S-GNPs monolayer during the forming process.
After electropolymerization a forming process is mandatory to form the formed-pTEDOT-C10-SGNPs monolayer and to "initialize" the device and observe the NDR and memory operation. electrodes. SEM images of the same device before and after the forming process reveal that the sudden current increase at a voltage of about 6-7 V (see Fig. 4 in Ref. [3] ) during the forming process is associate to an irreversible modification of the morphology of the pTEDOT-C10-SGNPs monolayer between the two electrodes (Fig. 2) . The SEM image obtained after the forming process ( Fig. 2b ) exhibits brighter gold clusters between the two electrodes. These clusters can be associated to the reorganization or aggregation, or fusion of the GNPs under the electric field (around 100 MV/m) applied between the electrodes and/or due to the current density induced heating during the forming process. For comparison, the dissolution / nucleation of embedded metallic clusters of platinum inside a SiO 2 layer was measured at higher electrical field comprised between 300 -500 MV/m. 24 Here, the electric field is lower at 100 MV/m and can contribute to a lesser degree to the electro-migration of the GNPs into the polymer. To analyze more precisely these morphological modifications, STEM analysis (see methods) have been performed along the cross-sections of the monolayer (along the dashed line in Fig. 3a and Fig. 3b ). The image recorded before the forming process (Fig. 3c) shows GNPs with ~ 10 nm diameter, in agreement with the average value of 9.3 nm determined by the SEM analysis of the monolayer 3 . The image obtained after the forming process (Fig. 3d) , clearly shows larger gold clusters with a diameter up to 40 nm.
This STEM image of the clusters shows that the clusters have a regular rounded shape rather than a less regular shape expected for aggregation of several GNPs. Moreover, the high-resolution STEM image clearly reveals the monocrystalline structure of this cluster (See Figure SI-1 ). These observations suggest that the clusters are formed by the melting of several GNPs during the forming process rather than by their aggregation.
Evolution of the morphology of the pTEDOT-C10-S-GNPs monolayer during thermal annealing.
To understand the physical origin of the cluster formation and to estimate the temperature reached 9 in the device during the forming process, pTEDOT-C10-S-GNPs monolayers are annealed at different temperatures from 423 to 623 K with 50 K steps (see methods), and imaged by SEM (Fig.   4 ). At lower temperatures (423 and 473 K), the GNPs present an average diameter of ∼ 10 nm in agreement with the average value of 9.3 nm determine by SEM and STEM analyses of the asfabricated samples 3 . At 523 K, some clusters with a characteristic size comprised between 20 and 40 nm appear in the monolayer. At higher temperature, 573 K and 623 K, the number of these clusters increases dramatically. Finally, at 623 K, the majority of the GNPs are melted to form these clusters.
The rounded shape and the size of the clusters formed by thermal annealing at 623 K have the same morphology as those observed after the forming process (Figures 2b and 3b ). This similarity suggests that during the forming process, the formation of clusters is caused by a local currentinduced increase of the temperature in the monolayer (Joule effect).
We observe the beginning of the melting of GNPs at ∼ 523 K (Fig. 4) while the melting point (mp) for bulk gold is 1337 K 25 . According to Buffat's thermodynamic model 26;27 , which correlates the mp of naked metal nanoparticles to their mean diameter, the mp for 9.3 nm diameter GNP is predicted to be 1273 K. On the other hand, this value is drastically reduced when the GNP surface is coated with molecules 28 The decomposition of TEDOT moiety in the TEDOT-C10-S-GNP starts occurring much earlier than p(TEDOT) which requires high temperature at about 620 K (Fig. 5b) . Both organic-based samples display one major mass loss, between 450 and 720 K for TEDOT-C10-S-GNP and between 620 K and 720 K for p(TEDOT), involving the release of volatile species corresponding to numerous different ions detected by mass spectrometry. The mass spectrometry spectrum is shown only to emphasize the relationship between the mass losses recorded by TGA and released gaseous species. As the quantity of organics is much lower than the one of gold particles and/or the silicon substrate, the decomposition of organic ligands does not produce a strong enough massspectrometry signal for assignment of the series of ions (m/z) to establish a clear-cut fragmentation pathway of evolved volatile molecules. Further work is clearly needed to clarify the decomposition mechanism of these materials.
As with many organic compounds, when TEDOT-C10-S-GNPs and p(TEDOT) are heated, the structural modification leads not only to volatile molecules, but also to a black residue called free carbon. TEDOT-C10-S-GNPs left a porous brittle black residue unsuitable for further analysis.
However, the residue left on the silicon substrate issued from p(TEDOT), easier to handle, has been characterized by Raman spectroscopy. Figure 6 depicts the Raman spectra recorded from the polymer p(TEDOT) deposited on Pt/Silicon wafer and the one thermally treated in helium at 940 K.
In agreement with the literature 33;34;35 , the main Raman bands of TEDOT moiety are observed in the spectrum and are listed in Table 1 . As expected, the heated TEDOT-C10-S-GNPs -based material exhibited the two characteristic broad Csp2-bands (band D at 1374 cm-1 and band G at 1578 cm-1) of amorphous free carbon.
Temperature-dependent charge transport mechanisms.
After the forming process, the device is set in the ON state by applying a double voltage sweep (amplitude from 0 to 20 and 20 to 0 V at 4V/s), and in the OFF state by applying a single voltage sweep (0 to 20 V at 4V/s) followed by an abrupt return to 0V (Fig 1a) . 3 The charge transport 
(low voltage -weak injection) (Eq. 1)
where I is current, q the electronic charge, n density of charge, µ mobilité, V applied bias, s the inter-electrode distance, e dielectric constant, n t density of trapped charge and S the electrical contact surface. In the case of the ON state, the current is clearly ohmic. The same behaviors is also observed on shorter inter-electrode gap electrode of 500 nm (see Figure SI-4) .
Physical interpretation of the mechanism in the device
Cho et al. [ 36 ] observed that the ON state of memory devices based on TiO 2 nanoparticles embedded in poly(9-vinylcarbazone) films followed an ohmic behavior and a negligible temperature dependence of the current (i.e. no thermal activation). They concluded that the current in the ON state is mainly due to charge tunneling between filament conducting paths. Here the same features are observed. Thus, it is likely that the ON state of our device corresponds to a conduction through conducting pathways formed during the "forming process". Based on the above SEM, STEM and Raman measurements, we conclude that the nature of these conducting paths are based on hybrid material composed of amorphous sp2 carbon and gold clusters.
In the off state, we observed a weak thermal activation above 170 K and the I-V characteristics are well explained by a trap-filled SCLC current model. Lin et al. 12 observed also SLCL behavior in the OFF state for devices composed of a layer of polystyrene mixed with GNP of 2-5 nm diameter sandwiched between two aluminum electrodes. As discussed in our previous work 3 , a charge carrier trapping/detrapping mechanism from traps can explain these characteristics: (i) the ohmic behavior 14 in ON state corresponds to transport of free carriers in the hybrid material (see above); (ii) the SCLC transport in OFF state corresponds to injection limited transport when charge carriers are trapped in defects (traps) in the materials.
The physical mechanisms proposed here are close to that described by Simmons and Verderber in MIM structures in 1960s, involving charge trapping/detrapping and space charge field inhibition of injection. 38 The nature of the traps involved in the mechanism was generally associated to the NPs present in the hybrid organic/gold nanoparticle memories 3;7;8;10;12 . In the device presented here, after the forming process the resulting material is composed of gold clusters and amorphous sp² carbon.
The gold clusters can act as trapping centers but also the amorphous sp² carbon. Sp² carbon was suggested as trapping centers in hybrid poly(N-vinylcarbazole)-graphene nonvolatile memory devices 39 . Regarding the influence of the organic matrix on the electrical properties, the forming process induces an annealing of the organic matrix leading to the formation of amorphous sp² carbon. Moreover, we assume that the observation of switching and clusters formation can occur for other organic polymers incorporated in the device, but with some variation on the voltage values in the memory behavior due to difference of gold diffusivity or sp2 carbon formation for example..
CONCLUSIONS
Through the course of this study, we followed the physical mechanism involved in the forming 
Thermionic emission limited conduction (TELC) Model
In the case of a transport mechanism by TELC, the expression of the current is given by the following equation ( 
